Oscillatory structures associated with electron emission in 1 -5-MeV H + collisions with N 2 have been investigated. Ratios of experimental molecular N 2 to theoretical atomic N cross sections exhibit nearly constant frequency sinusoidal oscillations that do not vary with the electron observation angle or collision velocity. The results suggest suppression of primary Young-type interferences, in sharp contrast to observations for H 2 , while secondary structures attributed to intramolecular scattering are prominent. Theoretical calculations predict suppression of the primary interferences but not to the extent observed in the measurements.
I. INTRODUCTION
It is well-known that electrons have both particle and wavelike properties similar to photons. A manifestation of this duality has recently been shown to occur in the ejection of electrons from H 2 impacted by fast ions ͓1͔. Whereas electron ejection from an atom gives rise to a single outgoing ionization "wave," corresponding ejection from H 2 occurs simultaneously from both atomic centers, resulting in coherent ionization waves that can interfere. This phenomenon of interference associated with electron ejection from molecules is analogous to Young's two-slit experiment with the atomic centers acting as "slits," and was considered already more than 40 years ago in the photoionization of molecules ͓2,3͔. Prior to recognition of this Young-type interference involving simultaneous emission from two atomic centers, Kronig ͓4͔ attributed oscillatory structures in the K-shell ionization spectra of heteronuclear molecules to intramolecular scattering. In the latter case, the ionization wave originating at one nucleus is scattered from the adjacent nucleus causing subsequent interference between the original and scattered waves. This phenomenon is related to the well-known extended x-ray absorption fine structure ͑EXAFS͒ technique ͓5,6͔ used in solid-state physics to study the structure of materials. Hence, while atomic ionization is generally wellunderstood ͓7,8͔, more subtle effects arising from coherent electron emission distinguish molecular ionization from its atomic counterpart and consequently reveal the wavelike aspects of the ejected electrons.
In Ref. ͓1͔, Young-type interference effects were observed in the electron emission spectra arising from fast ͑v / c ϳ 0.3͒ collisions of highly charged Kr ions with H 2 . Follow-up studies for H 2 ͓9-11͔ revealed additional properties, including the angular and collision velocity dependences, of this atomic Young-type electron interference, with experimental observations being in general agreement with theoretical calculations ͓12-14͔. These results prompted new studies for H 2 by other investigators ͓15-18͔. Fast electrons ͑v / c ϳ 0.1͒ interacting with D 2 were also found to exhibit Young-type interferences ͓19͔. Additionally, secondary oscillatory structures superimposed on the primary interference pattern and attributed to intramolecular scattering were observed for collisions of Kr 33+ ͓10͔ and H + ͓11͔ with H 2 .
The primary Young-type interference structures have been found to depend strongly on the electron observation angle ͓9,11͔, with little structure for 90°, and to a lesser extent on the collision velocity ͓11͔. In contrast, the secondary interference structures, with approximately double the oscillation frequency, showed little variation with either the emission angle or the collision velocity ͓10,11͔, and notably showed equally strong oscillatory structures at 90°as for other angles. The primary Young-type interferences and also the secondary structures have been formulated using methods of both wave optics and quantum mechanics, establishing a sound theoretical basis for the observed interferences ͓20͔. To date, electron interferences in diatomic molecules more complicated than H 2 or D 2 have only been studied for the photoionization of particular valence electrons from N 2 and O 2 ͓2,3͔ and for the ejection of K-shell electrons in CO ͓21,22͔ and N 2 ͓23͔.
In the present work, interferences associated with electron ejection are investigated for N 2 impacted by 1 -5-MeV H + ions. For diatomic molecules such as N 2 ionization can occur from several molecular orbitals, as opposed to the single K-shell orbital in H 2 . However, the probability for ionization of the valence L-shell orbitals in N 2 is about three orders of magnitude larger than for the K-shell orbitals ͓7,8͔, which are not expected to contribute significantly to any interference effects. To reveal the relatively small expected interference structures superimposed on "backgrounds" of exponentially decreasing cross sections, the measured molecular N 2 cross sections are normalized to corresponding theoretical atomic N cross sections according to
where d⍀ is the solid angle for electron detection and d refers to the outgoing electron energy. The cross section N 2 denotes molecular two-center emission and 2N is the cross section for independent emission from the two N atoms ͓1͔. In Ref.
͓12͔ it was shown that for H 2 this normalized ratio of cross sections exhibits primary Young-type electron interferences with a damped oscillatory behavior approximated by the function ͓1 + sin͑k ʈ − q͒d͔ / ͓͑k ʈ − q͒d͔, where k ʈ is the outgoing electron momentum component parallel to the beam direction, i.e., k ʈ = k cos ͑ is the electron observation angle͒, q is the minimum momentum transfer, and d is the internuclear separation. This predicted angular dependence for the Young-type interferences was verified in Refs. ͓9,11͔.
II. THEORY
The theoretical atomic N cross sections needed to normalize the experimental molecular N 2 cross sections according to Eq. ͑1͒ were calculated using a first-order impact parameter method. The initial state of the N atom has been described by a Hartree-Fock wave function, while the wave function of the ejected electron has been calculated in the field of the residual ion. The overall shapes of the calculated atomic N cross sections generally agree with the measured N 2 yields, except at higher electron energies where the theory falls off faster than the measured data as seen in Fig.  1͑a͒ ͑also see Ref.
͓24͔͒.
Additionally, to compare the experimentally observed oscillatory structures with the expected primary Young-type interference structures, we have performed theoretical calculations for the ionization of N 2 obtaining molecular to atomic cross section ratios. The model takes into account only the first-order interference effects caused by the two-center character of the initial wave function and is similar to the formulation developed by two of the present authors for H 2 ͓12͔. The main difference is that N 2 has several molecular orbitals giving different interference patterns. The 1s g and the 2s g bonding orbitals of N 2 have the same symmetry as the occupied orbital of H 2 , and the cross section may be expressed by the same formula as in our previous paper ͓12͔
Here a = d͑k ʈ − q͒, where k ʈ is the parallel component of the ejected electron momentum relative to the projectile velocity and q is the minimum momentum transfer ͑q = ⌬E / v p ; ⌬E is the energy transferred to the ejected electron and v p is the projectile velocity͒. The interference effect for the 1s u * and the 2s u * antibonding orbitals may be treated similarly, but the interference term has the opposite sign
and thus the effects of these two pairs of orbitals cancel each other and do not contribute to oscillations in the cross section ratio.
The calculations for the other two occupied orbitals of N 2 , namely 2p g and 2p u , are different, however, because of their more complicated angular dependence. The wave functions of these orbitals are expressed in the molecular frame and then transformed using the Wigner three-dimensional ͑3D͒ functions into the laboratory frame. The integration is performed over the trajectory of the projectile similar to that done in Ref. ͓12͔ . Moreover, taking into account only the fast oscillating term in the expression for the transition probability ͓analogous to Eq. ͑16͒ of Ref. ͓12͔͔, the average over the orientation of the molecular axis may be done analytically. Owing to the angular dependence, the final expression for the cross sections of the 2p g and 2p u orbitals has several terms
where the values of the quantities C and G i depend on the type of the orbital and on the momentum of the ejected electron.
III. EXPERIMENT
The present measurements were conducted at Western Michigan University using the 6-MV tandem Van de Graaff accelerator. H + beams with energies 1, 3, and 5 MeV and intensities ϳ40-500 nA were collimated to a diameter of ϳ1.5 mm and directed into the scattering chamber onto a N 2 gas target. A collimator biased to +400 V located at the entrance of the scattering chamber was used to reduce the number of low energy electrons from slit scattering. The N 2 target was supplied by a gas jet of diameter ϳ1.8 mm positioned ϳ3.5 mm above the center of the beam line. The gas flow rate was adjusted to maintain an average pressure of ϳ50 times the background pressure in the scattering chamber, which was ϳ1 ϫ 10 −6 Torr. Measurements were taken for different gas pressures to verify the existence of single collision conditions. Electrons emitted from the target gas were measured for ejection energies 5 -410 eV and observation angles 30°, 45°, 60°, 90°, 120°, 135°, and 150°with respect to the incident beam direction using an electrostatic parallel-plate analyzer equipped with a channel electron multiplier. The electron spectra were normalized to the incident beam intensity. Background spectra were recorded with no FIG. 1. ͑Color online͒ ͑a͒ Measured N 2 cross sections ͑solid circles͒ and calculated theoretical N cross sections ͑dashed line͒ for 3-MeV H + +N 2 at 90°observation angle. ͑b͒ Ratio of the measured and theoretical cross sections from ͑a͒, along with a linear fit ͑dashed line͒ to the resulting ratio ͑see text͒.
target gas to correct for residual gas events. Shielding with a -metal liner minimized stray magnetic fields inside the scattering chamber.
IV. RESULTS AND DISCUSSION
The measured molecular N 2 electron emission yields, as shown in Fig. 1͑a͒ for 90°, were divided by the corresponding theoretical atomic N cross sections, giving ratios as shown in Fig. 1͑b͒ . The ratios, normalized to about unity for convenience, show clear evidence of oscillatory behavior with a rising trend at high electron energies due to the discrepancy between the measured data and the theory seen in Fig. 1͑a͒ . A similar rising trend was observed previously for Kr 34+ +H 2 collisions ͓1͔. To eliminate the overall rising trend and to better reveal the oscillatory structures, a linear function, shown by the dashed line in Fig. 1͑b͒ , was fit to the cross section ratios as in Ref. ͓1͔. Using this fitting procedure for all observation angles and beam energies, the cross section ratios were then divided by the linear function to give the experimental-to-theoretical ratios shown in Fig. 2 .
The striking feature of the ratios shown in Fig. 2 is that the oscillatory structures show no significant dependence on the electron observation angle or the collision velocity, nor does their magnitude appear to decrease with increasing k, i.e., there is no apparent damping. Moreover, the structures for 90°are as prominent as for the other angles. These results are contrary to those for H + ͓11͔ and Kr 33+ ͓9͔ +H 2 for which the primary Young-type interference structures showed a strong dependence on the observation angle, with no oscillatory structure for 90°, and a smaller but definite dependence on the collision velocity. As noted above, the observations for H 2 were in general agreement with theoretical predictions of the primary Young-type interference ͓12-14͔.
Thus, the observed oscillatory structures for N 2 suggest an origin other than primary Young-type interferences, and, in fact, are suggestive of the previously observed secondary interferences that have been attributed to interference of the primary ejected electron wave with the secondary wave that results from scattering at the other atomic center ͓10,11͔. These secondary oscillations can be interpreted from phase differences in the scattering process ͓10,20͔ and differ from the primary Young-type structures in that the secondary interferences are governed simply by the electron momentum k rather than by ͉k − q͉, with the consequence that there is negligible dependence on electron observation angle or collision velocity. Moreover, the theoretical formulation predicts a secondary oscillation frequency about double that of the primary frequency resulting from the additional phase acquired by propagation of the primary electron wave along the internuclear axis from one atomic center to the other, a result that is consistent with the model of Kronig ͓4͔.
To quantitatively characterize the oscillatory structures and frequencies for N 2 , the normalized cross section ratios of Fig. 2 were parametrized according to the function
where, in addition to the previous definitions for k and d, c is a fitting parameter representing the oscillation frequency, w allows for a phase shift, and A and B are normalization constants. Allowance for a phase shift was also utilized in Refs. ͓10,11͔ to describe the secondary interference structures attributed to intramolecular scattering. This equation is similar to Eq. ͑2͒, except that there is no damping, nor does the minimum momentum transfer ͑q͒ appear. The values obtained for c and w from the fitting are shown in Figs. 3͑a͒ and 3͑b͒ , respectively. The frequency parameter c ͓Fig. 3͑a͔͒ shows only a small dependence on the electron observation angle ͑note the suppressed ordinate͒ and the collision velocity in sharp contrast to results for the primary interferences in H 2 ͓9,11,25͔. By way of comparison, the first-order Young-type interferences observed for Kr 33+ +H 2 and H + +H 2 collisions gave values for c that exhibited approximately a cos dependence, with a value close to zero for observation angles near 90°͓9,11,25͔. On the other hand, the second-order oscillations for these same collisions gave values for c in the range ϳ2.5-3 that were nearly independent of the observation angle. Regarding the phase shift w, Fig. 3͑b͒ shows this parameter to have a maximum around 45°and a minimum at 90°, with little dependence on the collision velocity. The presence of this shift can be seen already by careful examination of the cross section ratios in Fig. 2 . On the contrary, the second-order oscillations in Kr 33+ +H 2 and H + +H 2 exhibited a constant phase shift of w ϳ ͓10,11͔. The exact reason for the angular dependence of this phase shift is presently unknown, but is likely contained in the amplitude factors governing the secondary interferences ͑see Refs. ͓10,20͔͒.
To provide further insight into the present results, we have performed theoretical calculations for the ionization of N 2 to derive the expected oscillatory behavior of the molecular-toatomic cross section ratios for the first-order Young-type interferences as discussed above in Sec. II. The results of these first-order calculations for the cross section ratios are presented in Fig. 4 along with the experimental data. It is clear from the calculations for the individual molecular orbitals, in particular the contributions due to 2s g and 2s u * as given by Eqs. ͑2͒ and ͑3͒, respectively, that the different symmetries of these orbitals cause a significant part of the first-order oscillations in the total cross section ratios to cancel and, consequently, these structures are suppressed. A similar cancellation occurs for the 1s g and 1s u * orbitals ͑not shown in Fig. 4͒ . On the other hand, the contributions from 2p g and 2p u as given by Eq. ͑4͒ do not cancel and are responsible for essentially all of the expected first-order ͑Young-type͒ interference structure for N 2 .
The resulting predicted structure for each angle is a decreasing ͑damped͒ ratio for increasing electron velocity with some oscillations remaining, most prominently at 150°. As may be observed from Fig. 4 , the experimental data oscillate around the first-order theoretical results; however, it is difficult to unambiguously identify any primary Young-type oscillations, a result that is in sharp contrast to previous studies for H 2 targets ͓1,9,11͔. This comparison between the measured and predicted ratios indicates that the experimentally observed oscillations for N 2 shown in Fig. 2 do not originate from the primary Young-type interferences. Instead, we attribute these higher frequency oscillations to secondary interferences arising from intramolecular scattering, as previously observed for electron emission from H 2 ͓10,11͔. To the extent that this conclusion is valid, the present results for 1 -5-MeV H + +N 2 collisions indicate that the observed oscillatory structures are due mainly to secondary interferences while the primary interferences are strongly suppressed. We note, however, that the first-order theoretical calculations indicate that some structure from primary oscillations should be observed.
If the observed oscillatory structures in Fig. 2 are indeed due to secondary interferences, then the underlying mechanism for their production must be understood. Previously, we conjectured that these secondary structures originated from ejection of a K-shell electron at one atomic center followed by scattering at the adjacent nucleus ͓24͔, reasoning that these core electrons are highly localized and hence cannot undergo coherent emission from both centers. However, because ionization of a K-shell electron is about three orders of magnitude smaller than for a valence ͑L-shell͒ electron, it is not likely that core ionization is the origin of the observed structures. On the other hand, it might be argued that secondary interference occurs when an L-shell electron undergoes large momentum transfer in a relatively "hard" binary encounter, causing the electron to scatter off the adjacent nucleus, leading to interference between the initial L-shell ionizing event and the subsequent secondary scattering event. Such scattering is similar to that resulting from the core ionization of heteronuclear molecules discussed by Kronig ͓4͔, and also to that observed in EXAFS studies ͓5,6͔, for which oscillations occur in the energy region just above the threshold for core ionization. Notably, in both cases the oscillatory part of the spectra are described by a function of the form sin͑2kd + ␦͒ ͑␦ is a phase shift͒, which is remarkably similar to Eq. ͑5͒. The reason that c in Eq. ͑5͒ does not give the value two may be due to the fact that ionization of N 2 by fast ions involves mainly valence electrons, which can occur from several orbitals. However, theoretical calculations to verify such an explanation for the present case of H + +N 2 collisions are beyond the scope of the present work and further theoretical and experimental investigations are needed.
The present results can also be compared to those for photoionization of N 2 . In the case of K-shell photoionization FIG. 4 . ͑Color online͒ Theoretical first-order ionization crosssection ratios for 3-MeV H + impact on N 2 for electron observation angles of 30°, 90°, and 150°as a function of ejected electron velocity in comparison to the experimental data. The contributions for the individual molecular orbitals of N 2 , i.e., 2s g , 2s u * , 2p g , and 2p u were calculated according to Eqs. ͑2͒-͑4͒ ͑see text͒.
͓23͔, the localized nature of the K electrons suppresses Young-type interferences because the ejected electron is not coherently emitted from both centers. On the other hand, ionization of the valence electrons produces modulations in the resulting cross sections that have been attributed to Young-type interference ͓2,3͔. The principal difference between photoionization of N 2 and ionization by fast ion impact is, of course, the fact that in the former case the photon energy can be chosen to selectively remove electrons from a particular orbital. Such selective ionization does not occur for fast ions, although, as noted above, the present work for 1 -5-MeV/u H + impact is not expected to lead to significant K-shell ionization ͓7,8͔. Moreover, the fact that there are several L orbitals delocalized over the molecule might be the reason that primary Young-type interferences are strongly suppressed for ionization of N 2 by fast ions. Indeed, the theoretical calculations shown in Fig. 4 suggest such a suppression.
V. CONCLUSION
In summary, there seem to be fundamental differences between H 2 and N 2 targets in giving rise to interferences in electron emission. In particular, for N 2 primary interferences are apparently suppressed, while secondary structures characterized by their independence on observation angle and collision velocity are clearly visible. Based on comparison with observations for H 2 these secondary structures are attributed to interferences resulting from intramolecular scattering. It is suggested that these secondary interferences originate in a binary encounter of the projectile with a valence electron leading to subsequent scattering at the adjacent atomic center. Quantitative calculations predicting the frequency and magnitude of these secondary oscillations, which remain a significant challenge for theory, are needed to unambiguously determine if the observed structures indeed have their origin in intramolecular scattering. Additionally, similar measurements for other diatomic molecules such as O 2 may shed light on these structures. The differences in the oscillatory structures observed for H 2 and heavier molecules such as N 2 further highlight the unique character of molecular ionization compared to atomic ionization.
